Metal-resin composites provide improved combinations of mechanical properties of raw materials. A novel metal-resin interpenetrating phase composite (IPCs) has been fabricated by spontaneously infiltrating unsaturated polyester resin into porous short-fiber preforms under vacuum conditions. In this study, three-point bending experiments are performed to characterize the bending properties of the IPCs. The 
Introduction
Weight reduction and superior mechanical properties are demanded in the development and practical applications of many novel materials.
1,2 The interpenetrating phase composite (IPC) is a new type of composite structure with threedimensional interconnectivity of both phases, which makes them markedly different from traditional composites whose discrete, dispersed and isolated reinforcement phases are imbedded in matrix phases, such as bers, whiskers, or particles. 1, 3, 4 The properties of traditional composites are usually dominated by the continuous matrix material with limited contribution from the disperse phase.
2 However, the unique structure of IPC might improve the elastic and yield properties relative to traditional composites and have good transmission of stresses between phases. [5] [6] [7] Each phase can contribute its most desirable attributes for its contiguous morphology. The nature of the ber, matrix, and interface properties determine the properties of the composites. 8 Numerous IPCs have been investigated in the literature, and ceramic-polymer, 3, 9 ceramic-metal, 10-14 metal-metal 4, 15, 16 and polymer-polymer [17] [18] [19] IPCs are some types of main interest. Konopka et al. 9 fabricated novel ceramic-polymer composites via inltration of porous SiO 2 by polynitrile-urea-urethane elastomer and found that the composites exhibited a high compression strength together with ability to sustain large deformations. Spontaneously inltrating the metal into the ceramic preform was impossible without reactive systems under carefully controlled conditions for the bad wetting nature of most metal melts on ceramic substrates. 7, 20, 21 Graphite/ aluminum composites with an interpenetrating network microstructure were produced by indirect squeeze casting process, and the results revealed that both exural strength and fracture toughness for IPC were increased by 200% for the un inltrated material at room temperature. 12 Yu et al. 22 pointed out that the presences of SiC particles in Zn22Al/10 vol% SiCp composite foams altered the deformation mechanism of ZA22 foams. Zhou et al. 15 demonstrated that the compressive properties of the 304 stainless steel ber/ZA8 zinc alloy IPCs can be improved aer casting both in room and high temperatures. Jena et al. 18 developed a novel polymer-polymer IPC by mixing tetrafunctional epoxy resin (TGDDM) with diallyl bisphenol A (DBA) modied bismaleimide (BMI). They demonstrated that compared to neat epoxy resin, the mechanical properties such as tensile, exural and impact strength were improved by 25%, 30% and 45%, respectively aer incorporating of DBA modied BMI into the epoxy resin enhanced. Al-Ketan et al. 19 investigated uniaxial compression properties of polymer-polymer, two-phase IPCs fabricated by Polyjet 3D printing technology. They pointed out that the hard phase carried a larger fraction of the load, and the soer phase conned cracks and prevented catastrophic failure.
One important kind of the IPCs is metal-polymer IPCs. They can synthesize the properties of components, i.e., one phase can offer good toughness and thermal conductivity, while the other phase enhances stiffness and dielectric properties to form the synergistical structural. 23 Recently, metal-polymer IPCs have received signicant attentions. 1, 24, 25 The three dimensional microstructure is difficult to control and characterize in the process of producing IPCs. Current research mainly focuses on metal foam-polymer IPCs. However, it is expensive to fabricate metal foams. Thus it is necessary to nd an economic method to produce those IPCs. The metal preforms produced by compacting and solid-sintering short bers are considered as an economic technology in fabricating IPCs. In addition, unsaturated polyester resin (UP) is widely used in IPCs for its outstanding properties.
26
Our previous work has reported a new metal-resin IPC and its tensile behavior. 5 In this work, a novel 304 stainless steel ber/resin IPC was produced by inltrating a type of unsaturated polyester resin into the preforms under vacuum conditions. The anisotropic microstructure and three point bending behavior were investigated. The fractographs were observed to determine the fracture characteristics of the IPC aer bending process.
Material and methods

Manufacturing process of the metal-resin IPCs
The manufacturing process of the metal-resin IPCs can be described as two stages as our previous work:
5 porous preforms forming and vacuum inltration.
The processing procedure of the porous preforms contains the following steps: ber fabricating, mold pressing and vacuum sintering. 27 First, the short 304 stainless steel bers ranging from 10 to 15 mm in length were fabricated by cutting stainless steel wires (0.8 and 1.5 mm in external diameter, 90 and 160 mm in ber diameter, respectively) and the details were described in our previous work. 27 Then the short bers were stochastically put into a designed mold followed with compaction and vacuum sintering at 1330 C for 90 min. A stage heating method was used to optimize heating rates in the sintering process. The heating rate was 10 C min À1 with the temperature below 800 C and decreased to 6 C min
À1
with the temperature above 800 C. The preforms were naturally cooled to room temperature in the furnace aer nishing sintering. Quality-volume method 27 was used to calculate the average porosity P, so the average ber volume fraction in the IPC is 1 À P.
The vacuum impregnation process was conducted in the WHS-20 vacuum furnace. For every IPC sample, the inltrant consists of 600 g unsaturated polyester resin (LH-6993), 5 g methyl ethyl ketone peroxide (LH-508) and 5 g promoters (LH-817) from Guangzhou Liheng Mekpo Technology co. Ltd. Unsaturated polyester resin was poured in a mold followed with methyl ethyl ketone peroxide. Aer they were sufficiently stirred, promoters were added and stirred to form the uniform mixture, i.e., inltrant. Then the preforms were put in the inltrant and they were moved to the furnace to vacuumize for 2 hours to completely inltrate. Aer that, the temperature was increased to 98 C and held for 2 hours. On nishing this process, the IPC samples were naturally cooled to room temperature in the vacuum furnace. The schematic diagram of the manufacturing process and the IPC sample are shown in Fig. 1 .
Microstructure and three-point bending characterization of the IPCs
Our previous work demonstrated that the microstructure and tensile behavior of the metal/resin IPCs present anisotropy, 5,27 so the three-point bending behavior will also present anisotropy. The microscopic structures of the IPCs were observed by a scanning electron microscope (S-3700N, Japan) with high voltage of 20 kV under high vacuum mode. Specimens constructed from the different directions of the metal-resin IPCs were machined using milling for the microstructure observation and three-point bending tests. The specimen surfaces for microstructure observation were nished to a very high polish in several stages, beginning with coarse 180 grit emery paper, then with successively ner 400, 800 and 1200 grits, and nally plated with gold before observation. The geometry of specimen of three-bending tests was cuboid shape with dimensions of 50 mm in length, 10 mm in width, and 4 mm in height. The span of 40 mm between two supporters were selected in the three-point bending tests. All bending tests were conducted on an electronic, universal mechanical testing machine (AG-100NX, Japan) at a constant crosshead speed of 1 mm min
À1
. All tests were conducted at room temperature (approximately 25 C) for three specimens of each IPC group. During each test, the applied compression load and displacement were recorded continuously by the soware. The fracture surfaces of the deformed specimens were plated with gold and then monitored by a scanning electron microscope (S-3700N, Japan) with high voltage of 20 kV under high vacuum mode. In the three-point bending test, the maximum stress at the surface of sample was calculated by the following formula:
where s bb is the exural strength (MPa), F bb is the maximum bending force (N), L s is the span of two supports (mm), W stands for the cross section coefficient (mm 3 ), b is the width of IPC (mm), h is the height of IPC (mm), E is the exural modulus (MPa), DF and DS are the increments of bending force and displacement in the initial linear bending force-displacement curve, respectively.
Results and discussion
Microstructural characterization of the stainless steel/resin IPC
The stainless steel bers are distributed in the preforms randomly, and many sintering joints between the bers are formed to produce a spatial intertexture structure from the surface to the center. 27 The special three dimensional structure and interconnected open pores are produced, providing the possibility of completely inltrating the preform with inltrant. The microstructures of the stainless steel/resin IPC in the inplane (x-y plane) and through-thickness (x-z plane) directions are shown in Fig. 2a and b , respectively. The gray phase is resin and the lighter phase is 304 stainless steel bers. It is clear that no evident voids present in the resin and interface, indicating good inltration under the given process.
5 During the heating and isothermal holding process, free radical copolymerization reacts in cross-linked impregnant for consolidation to form the novel IPCs. Fig. 2 shows the anisotropic microstructure of the IPC in the two directions, i.e., most bers distributed in the IPC are parallel to the pressure face, namely the x-y plane. Many sintering joints are clear for material migration between ber and ber bundle interconnection points. It is noted that nonuniform bers are distributed in the IPC for stochastically putting bers into a mold and different compaction force extensions during the processing.
Bending fracture process of the IPC
The typical three-point bending force-displacement plots of the IPC with 160 mm ber diameter and different ber fractions in different directions are shown in Fig. 3 . The in-plane direction in Fig. 3 refers to the compression loading direction along the xdirection or y-direction, which is parallel to the x-y surface. The through-thickness direction refers to the compression loading direction parallel to z-direction. From Fig. 3 , it is easily found that the three-point bending fracture processes of the IPCs present the following three stages: elastic stage, plastic deformation stage aer yielding, and fracture stage. The bending processes initially exhibit short-term linear elastic deformation which is treated well by the isostrain rule of mixtures at the displacement below 0.5 mm when both phases are defoming elastically, and then enter nonlinear stages, in agreement with ref. 29 and 30 . Aer elastic deformation, the deformation process quickly enters into yielding, and starts to deform plastically. The bending force gradually increases due to the plastic deformation of three dimensional reticulated structures and resins until it reaches its maximum value, and macro-cracks appear in the weaknesses of resin and interface at this process. Aer that, the bending force decreases dramatically with the increase of displacement for the expansion of cracks in samples and the IPCs nally reach complete destruction of the entire structure. Aer the maximum stress, the resin collapse and the bers debond, so the bers withstand the main stress until they fracture, while the resin contributes little to load bearing. Note that the yield stages are not obvious. It is noted that the IPCs present non-linear elastic behavior due to the elastic deformation of the stainless steel preform accompanied by a plastic deformation of the resin, similar to the mechanical process of metal-resin IPCs 5 and metal matrix IPCs. 15, 30 The bending behavior exhibits obvious anisotropy. Compared with the through-thickness direction, the displacement at maximum bending force is slightly less than that of the IPC in in-plane direction, i.e., 3.89-4.57 mm in through-thickness direction and 3.97-5.39 mm in in-plane direction. Due to the initial shortterm linear elastic stage, the exural modulus can be evaluated by the initial linear slopes of the load-displacement curves according to eqn (3) . 2 It is demonstrated that the exural modulus increases with increasing ber fractions ranging from 16.78 vol% to 32.11 vol% in both directions 31 and is higher for the IPC in through-thickness direction, i.e., 1414 AE 159 MPa to 5465 AE 533 MPa in in-plane direction and 2133 AE 273 MPa to 10 394 AE 915 MPa in through-thickness direction. In the same direction, the displacement at maximum bending force changes little with increasing ber fraction, which is different from the results that increasing ber fraction can improve the elongation at tensile stress of metal/resin IPC. Aer inltrating of resin into the preforms, the exural strength and modulus are signicant improved. 31, 32 There are many strengthening mechanism in composites, including stress transfer from the matrix to the reinforced phase, dislocation strengthening, rening grain size, etc
30
. Usually, the strengthening mechanisms differ for different composites and the rst two factors mainly affect the properties in the process for the network structure of the IPC. Compared with the in-plane direction, the IPCs have a higher bending strength and ex-ural modulus in the through-thickness direction. The skeletons of the preforms in longitudinal section have more bendingtorsion deformation, eventually improving the bending properties. In addition, the difference is more serious with the increasing ber fraction. When the ber fraction is 32.11 vol%, the exural strength increases by 32 MPa (from 119 AE 5 MPa to 151 AE 8 MPa) from in-plane to through-thickness direction, which is about two times (from 42 AE 4 MPa to 59 AE 4 MPa) that of the IPC with 16.78 vol% ber fraction.
Our previous work has demonstrated that ner bers can signicantly improve the tensile strength of metal/resin IPC 5 and compressive strength of the 304 stainless steel ber/ZA8 IPC. 15 In this paper, the effect of ber diameter on the exural properties has also been investigated. Fig. 5 and 6 show the bending force-displacement curves in, and the exural strength with different ber diameters, respectively. It is clear that ner bers can improve the exural strength and modulus. In addition, they slightly enlarge the displacement at maximum bending force. From the IPC with 23.70 vol% ber fraction and 160 mm ber diameter to 23.17 vol% ber fraction and 90 mm ber diameter, the exural strengths increase from 76 AE 6 MPa to 98 AE 5 MPa and exural modulus increases from 3973 AE 414 MPa to 5266 AE 547 MPa. It is obvious that ner bers can signicantly improve the strength for more bers and threedimensional structures per unit volume participate in the bending process. For the same ber fraction, ner ber diameter results in the narrower pore distributes, 33 which contributes to toughness increase of IPC's. 31 From ref. 30 , the stress transfer and dislocation strengthening may contribute more to improve exural strength because more dislocation strengthening happens for the ner microstructure. The exural strength of the metal-resin IPC with 9.45 vol% ber fraction and 90 mm ber diameter is 30 AE 3 MPa, which is slightly higher than that of unsaturated polyester resin, i.e., 27.5 MPa. 34 So the exural properties have little improvement aer the ber fraction lower than 9.45 vol%.
Bending fractographic examinations
The appearances of metal-resin IPCs with 23.17 vol% ber fraction and 90 mm ber diameter, and 13.84 vol% ber fraction and 90 mm ber diameter are shown in Fig. 7 . By comparing the fracture surface, the difference is obvious in different direction when the ber fraction is 23.17 vol% while the anisotropy is not obvious when the ber fraction is less than 13.84 vol%. The cracks on the surface along the loading direction are irregular, and the fracture presents serration on the surface of the samples perpendicular to the loading direction because the cracks propagate along the bers, and bers fracture in different location. In the IPC with 23.17 vol% ber fraction, in the through-thickness direction, ber avulsion happens in the longer length for the different brous structure. While for the IPC with 13.84 vol% ber fraction, the fracture morphology is similar although serrated cracks exist on the sample surface. The failure images of the IPC with 160 mm ber diameter and 23.70 vol% ber fraction in the in-plane direction are shown in Fig. 8. From Fig. 8a , many cracks can be observed near the fracture surface. From Fig. 8b and c, it is clear that the resin matrix presents typical brittle fracture, i.e., the fracture region is smooth. Certain cracks appear and extend in the resin as relative soer phase deforms plastically rst. 35 As there is a large difference of the thermal expansion coefficients between the bers and the resin, stress concentration is generated in the interface during the manufacturing process, which is the force of crack formation. 30 During the bending process, the tress concentration is serious in the interfaces and corners of the microstructure. With bending progressing, the stress exceeds the interface strength, resulting in the crack formation there. 5, 36 Crack propagation is generally limited for the connected structure of the IPC. The failure of the phase with the higher strain improves the fracture resistance by bridging the cracks introduced to the other phase. 31 The IPC aer bending deformation shows many sorts of fractures, including cracks in the resin, debonding between bers and resin, grooves caused by ber pull-out, plicate fractures caused by extrusion between bers and smooth resin fracture planes and ber necking. It is noted that there are different ber necking characterization. Ductile necking and wedge-shape fracture are observed in the bending process.
Conclusions
(1) Novel metal-resin IPCs are produced by spontaneously inltrating unsaturated polyester resin into a variety of 304 stainless ber preforms under vacuum condition and present anisotropic structures, i.e., most bers distributed in the IPC are parallel to the x-y plane.
(2) The three-point bending behavior of the IPC presents three stages and anisotropy. The exural strength and modulus of the IPCs increase with increasing ber fractions. Nonlinear elastic behavior can be observed in the bending process. Finer ber can signicantly improve the exural strength and has minor effects on the corresponding displacement. Compared with in-plane direction, the IPCs have higher exural strength and modulus, and slightly smaller displacement at exural strength in through-thickness direction. Aer three-point bending tests, the cracks on the fractured surface along the loading direction are irregular, and the fracture presents serration on the surface of the samples perpendicular to the loading direction. A large difference in fracture appearance in different directions presents aer bending, and this difference becomes smaller with decreasing ber fraction. From the fracture morphologies, IPC aer bending deformation shows many sorts of fractures. Plicate and brittle fractures of resin, debonding, ber pull-out, necking and fracture are the characteristics of the IPC fracture.
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